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Abstract 
This work investigates, using nanoindentation tests, mechanical behavior (stress-strain curve and residual stress state) 
of a 2C22 steel sample in which a residual stress state has been introduced. A cylindrical sample has been especially 
developed in order to introduce a controlled residual stress state at the center of the specimen. The size of the sample 
allows us to perform nanoindentation tests in the different zones using two indenters (Berkovich and Cube Corner) 
without any additional preparation. Nanoindentation tests have been performed on samples with and without residual 
stresses. Analysis of experimental load – displacement curves obtained on the virgin sample, coupled with 2D and 3D 
numerical simulations of indentation, allows, using inverse models, the determination of the stress – strain curve of 
the virgin material. Analysis of experimental tests conducted on the strained sample, using stress effect removal 
models and the virgin sample properties, allows the identification of the magnitude of residual stresses introduced. 
These results are validated by measurements using X-ray diffraction and a finite element modeling of the prepared 
sample. 
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1. Introduction 
Material processing or surface treatments introduce into a material a residual stress state which has to 
be considered during mechanical characterization. In the case of treatments influencing a volume or a 
thickness of materials which dimensions are of the order of the micrometer, nanoindentation is the most 
adapted technique to determine the material properties [1-6], and its residual stress state [7-10].  
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Analyses models of experimental load-displacement curves [2] and inverse methods, using one or 
several indenter geometries, allow the extraction of the complete mechanical behavior of the tested 
material. During the past decades, experimental studies of the influence of residual stress on the 
determination of mechanical properties by instrumented indentation were performed [8]. More recently, 
models allowing the determination, by instrumented indentation, of the residual stress state within a 
material were developed. Based on dimensionless analyses and 2D finite element simulations, Chen et al. 
[9] have expressed the loading curvature of a load-displacement curve as a function of the stress-free 
material properties and the level of residual stress. This model, to the authors’ knowledge, was not applied 
on experimental data. Suresh and Giannakopoulos [7] proposed a method based on the comparison 
between contact areas of a stress-free sample and the same material in which a residual stress state has 
been introduced. This model has been developed to determine only equibiaxial residual stress states using 
nanoindentation and was applied on rapidly solidified 8009 aluminum alloys. Generally speaking, the 
experimental study of the influence of residual stress on mechanical properties measured by 
nanoindentation tests requires: 
- the knowledge of mechanical behavior of the virgin (stress-free) sample, 
- that the introduction of the residual stress state does not modify microstructure of the sample (in 
other words, differences between stress-free and constrained samples have to be only due to the 
introduction of the residual stress state), 
- that dimensions of the sample have to be small enough for it to be introduced in the 
nanoindentation apparatus. 
In this work, the influence of the residual stress on the determination, by nanoindentation, of the 
mechanical properties of a 2C22 steel is studied. A sample was designed into which a known residual 
stress state was introduced, without any modifications of its microstructure, and which dimensions were 
chosen for it to be introduced inside the nanoindentation device. Indentation experiments were performed 
before (stress-free sample) and after (constrained sample) the introduction of the stress state. For a reliable 
identification of mechanical properties of both samples, experimental tests were performed using two 
different indenter geometries (a Berkovich and a Cube Corner). An inverse method was applied and 
allowed to identify the samples mechanical behavior. A model was used in order to counteract the effect 
of the residual stress state on the measured properties. 2D and 3D finite element simulations were 
performed in order to validate both the mechanical behavior of the stress-free sample, and the identified 
stress state. 
2. Experimental details 
A 2C22 steel cylindrical sample (20mm diameter, 5mm thickness) is drilled by two diametrically 
opposite holes (2mm diameter) distant of 2mm from the center of the sample (figure 1). Brinell 
indentations (diameter of indenter 10mm, normal load 30kN) are performed between the sample suburb 
and the 2mm diameter holes. These indentations introduce a gradient of stress into the sample. The 2mm 
diameter holes limit the movements of materials towards the center of the sample (direction x of in figure 
1) caused by the Brinell indentations. X-rays diffraction measures, performed in the center of the sample 
using a Siemens D5000 diffract meter equipped with a linear detector (4mm length and 2mm width), 
allow the identification of the stress state: 200MPa in the y direction (ı22) and 167MPa in the x direction 
(ı11) (figure 1). Nanoindentation experimental tests were realized using a Nano Indenter ® XP (MTS 
innovation Center, Oak Ridge, TN) equipped with a Berkovich and a Cube Corner indenter. Both 
indenters were calibrated using the Oliver and Pharr method [2] on 3 reference materials (Si, SiO2 and Al 
single crystal).The experimental tests were performed before (stress-free sample) and after  (constrained 
sample) the Brinell indentations under normal loads ranging between 12.5 and 100 mN (Figure 1.b). 
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Regarding dimensions of the x-ray spot, series of nanoindentation tests were performed between 0 to 2mm 
from the center of both samples (Figure 1.a). 
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Fig. 1. (a) 2C22 sample after Brinell indentations; (b) Experimental load-displacement curves performed on the stress-free sample. 
Finite element simulations were realized using the commercial software MSC Marc®. 2D axisymetric 
finite element simulations, using Berkovich and Cube Corner equivalent conical tips, were performed in 
order to compare the different sets of mechanical behavior of the stress-free sample obtained thanks to the 
Bucaille’s inverse method [1] (figure 2.a). The best set of rheological parameters to describe the 
mechanical behavior of the stress-free sample were then tested in 3D finite element simulations in two 
perfect indenters (a Berkovich and Cube Corner) were used (figure 2.b). This 3D mesh was also used to 
simulate indentations in a constrained sample (figure 2.c). Displacements of the AB and BC nodes lines 
allow the introduction of a stress state in the material. Only 1/2 of the meshing was built and two plans of 
symmetries assure the continuity of the material. For all simulations, contact friction between the indenter 
and the material was chosen to be 0.2. All modeled materials are supposed to be isotropic and elasto-
plastic. The Von Mises criterion was used. 
Fig. 2. (a) 2D finite element mesh (indentations); (b) and (c) 3D finite element mesh (indentations and introduction of the stress 
state) 
3. Results 
3.1. Mechanical properties of the stress-free sample 
Analyses of experimental load-displacement curves allow the determination of mean values and 
standard deviations of the sample elastic modulus, E (219 GPa [187 – 250]), and hardness H. The 
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curvatures, Cb (38.04 GPa [34.58 – 41.05]) and Cc (4.85 GPa [4.13 – 5.58]), of the loading curves were 
also determined for both indenter geometries using the Kick’s law. The inverse model proposed by 
Bucaille and al. [1] was applied to the mean, minimal and maximal values of E, Cb and Cc.  
27 sets of material properties (elastic modulus E, yield stress ıy and strain hardening exponent n) were 
then determined. These sets of parameters were introduced in 2D finite element simulations. For each 
simulated load-displacement curves, the loading curvature was calculated. Simulated load-displacement 
curves are clothest from experimental ones (for both Berkovich and Cube Corner indenters) for the 
following mechanical behavior: E=250GPa, ıy=233MPa and n=0.15. It is worth noting that parameters 
identified thanks to the application of the inverse model on the mean values of E, Cb and Cc are not the 
best values to describe the mechanical behavior of the stress-free sample. 3D finite element simulations 
were performed using the previous mechanical behavior. Figure 3 shows that differences between 
simulated and experimental curves are small. The mechanical properties of the virgin sample are thus 
identified: E=250GPa, ıy=233MPa and n=0.15. 
Fig. 3. Comparison between simulated and experimental load-displacement curves. 
3.2. Influence of the residual stress state on measured properties 
In order to evaluate the influence of the presence of residual stress on the measured properties, elastic 
modulus and hardness measured on the stress-free sample and values measured on the constrained sample 
were compared (figure 4).  
Fig. 4. Elastic modulus and hardness measured on the stress-free sample and on the constrained sample for both indenter geometries. 
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It is worth noting that the presence of residual stress at the center of the sample affects hardness, H, 
measured using the two indenters. Figure 4 also shows that elastic modulus measured using the Berkovich 
indenter is affected by the presence of residual stress. In order to characterize the level of residual stress 
only using nanoindentation tests performed on the stress-free sample and on the constrained sample, a 
model was applied. Measures performed by x-ray diffraction shows that the center of the constrained 
sample is affected by an equibiaxial residual stress state (-200MPa in the y direction and -167MPa in the x 
direction). Then, model proposed by Suresh and Giannakopoulos [7] seems to be the best to characterize 
the level of residual stress using the nanoindentation tests. Thanks to values of contact stiffness, S and So, 
elastic modulus, E and Eo, and hardness, H and Ho, measured respectively on the constrained sample and 
on the stress-free sample, contact areas, A and Ao, were identified for sample with and without residual 
stress. Then, the level of equi-biaxial residual stress was identified using A, Ao and H. Figure 5 shows the 
evolution of the calculated residual stress, ıR, (calculated using measures obtained with the Berkovich 
indenter tip) as a function of the distance to the center of the sample. 
Fig. 5. Evolution of the level of tensile equibiaxial residual stress identify on the constrained sample. 
It is worth noting that the level of equibiaxial residual stress ranges between -236MPa to -107 MPa. In 
order to compare these values to those measured using x-ray diffraction, the mean value of ıR was 
calculated and is equal to -157 MPa. This value is quite different from the one expected from x-ray 
diffraction measures (-200MPa and -167MPa). Differences may be due to pile-up occurring during 
nanoindentation tests and not taken into account during the application of the Suresh’s model. In order to 
validate the as-identified residual stress state, 3D finite element simulations, using Berkovich and Cube 
Corner perfect indenters, were conducted. For each indenter geometry, 2 finite element simulations of 
indentation tests on a constrained sample were conducted. First a residual stress state of -200MPa in the y-
direction and -167 MPa in the x direction was introduced in the model before indentation. Then, an equi-
biaxial residual stress state of -157MPa was introduced. Rheological parameters introduced in the model 
are ones identified using the Bucaille’s model applied on the stress-free sample. Load-displacement 
curves also obtained were compared to experimental ones (figure 6). 
Fig. 6. Comparison between experimental and simulated load-displacement curves obtained on the constrained sample. 
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Figure 6 shows that, for each indenter geometry, experimental and simulated load-displacement curves 
are cloth. But one can also see that the P-h curve obtained with an equi-biaxial stress state is a little 
clother from the experimental curve.  
4. Conclusion 
In this work, a 2C22 steel sample, in which a residual stress state has been introduced, was presented. 
The size of the sample allows us to perform nanoindentation tests in the different zones using two 
indenters (Berkovich and Cube Corner) without any additional preparation. Thanks to nanoindentation 
tests, performed using two indenter geometries, and coupled with 2D and 3D numerical simulations of 
indentation, mechanical behavior of the stress-free sample was determined. A model was used to estimate 
the level of tensile residual stress introduced in the sample. Results and simulations was compared to 
measures performed by x-ray diffraction and show that the model proposed by Suresh et al. allows the 
estimation of the material residual stress state. It is then possible to characterize the residual stress state of 
a constrained sample only from nanoindentation tests performed on the stress-free and on the constrained 
sample.  
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